We examine the effects of different biogeographic histories on assemblage composition in three major marine habitats in two biogeographically distinct marine realms. Specifically, we quantify the taxonomic and functional composition of fish assemblages that characterise coral reef, seagrass and mangrove habitats, to explore the potential effects of biogeographic history and environment on assemblage composition. The three habitats were surveyed in the Caribbean and on the Great Barrier Reef using a standardised underwater visual census method to record fish size and abundance data. The taxonomic composition of assemblages followed biogeographic expectations, with realm-specific family-level compositions. In marked contrast, the functional composition of assemblages separated habitats regardless of their biogeographic locations. In essence, taxonomy characterises biogeographic realms while functional groups characterise habitats. The Caribbean and Indo-West Pacific have been separated for approximately 15 million years. The two realms have different taxonomic structures which reflect this extended separation, however, the three dominant shallow-water marine habitats all retain distinct functional characteristics: seagrass fishes are functionally similar regardless of their taxonomic composition or biogeographic location. Likewise, for coral reefs and mangroves. The results emphasise the advantages and limitations of taxonomic vs. functional metrics in evaluating patterns. Taxonomy primarily reflects biogeographic and evolutionary history while functional characteristics may better reflect ecological constraints.
Introduction
Historical and ecological biogeographic processes have a profound effect on the distribution of organisms and how they interact with their environment (Wiens and Donoghue 2004) . The species-rich tropics offer an ideal setting to study how these mechanisms have shaped the structure of the communities we recognise today (Floeter et al. 2008 , Mouillot et al. 2013a . Coral reefs, in particular, have triggered the interest of researchers as they provide an opportunity to study a high-diversity system which operates at global biogeographic scales (Mouillot et al. 2014 , Leprieur et al. 2016 . This research has underpinned a fast-growing understanding of coral reef communities. However, this focus on coral reefs has created a bias in our knowledge of tropical marine environments, with a distinct overrepresentation of studies based on coral reefs. The two other major coastal tropical habitats, seagrass beds and mangrove forests, also cover extensive areas within the tropics and are frequently found adjacent to reefs (Short et al. 2007 , Giri et al. 2011 . The close proximity of these habitats and their shared evolutionary history (Renema et al. 2008) , caution against a focus on one habitat in isolation, especially given the potential evolutionary interactions between these habitats and ecosystems (Sheaves 2009 , Unsworth et al. 2009 ).
At global scales, biogeographic barriers are a catalyst for change in the distribution of marine organisms and in the composition of assemblages (Briggs 1974 , Bellwood and Wainwright 2002 , Floeter et al. 2008 . Tectonic movements and continental drift have opened and closed seaways, creating distinct and disjunct reefal regions. Divergence among the lineages of many common reef fish families are closely associated with the creation of key hard and soft barriers that separate distinct realms (Floeter et al. 2008 , Cowman and Bellwood 2013 , Kulbicki et al. 2013 . Following these divisions, the Caribbean and Indo-Pacific have followed separate biogeographic and evolutionary paths, with marked variation in the extent of diversification over the last 20 million years (Cowman and Bellwood 2012) . While both realms support reef ecosystems and share many families, they share almost no species and have distinctive faunal compositions (Kulbicki et al. 2013) .
Seagrass beds and mangrove forests have been subjected to the same evolutionary pressures as coral reefs and have thus followed similar biogeographic trends (Renema et al. 2008 ). These three habitats share a common evolutionary history, and from their origins in the West Tethys in the early Eocene (at least 48 million years ago), they all appear to have existed in close proximity to one another (Landini and Sorbini 1996) . However, like coral reefs, vicariance events have split seagrass and mangroves into two primary regions; the Caribbean and the Indo-Pacific (Duke et al. 2002 , Short et al. 2007 ). Thus coral reefs, seagrass and mangrove habitats not only occur in the same locations today, they also appear to have been influenced by the same evolutionary events. This raises the question: do the three focal habitats have a common taxonomic and functional composition, or has biogeographic history changed the nature of associations among these three major marine habitats? To address this question, we need to examine the assemblage structure of these habitats in both the Caribbean and Indo-Pacific using a standardised sampling and analytical framework.
Historically, assemblage composition has primarily been analysed based on the presence or absence of individual taxonomic units; most typically being the number of species or families (Dobzhansky 1950) . Over time, more informative analyses of diversity developed, using calculations based on species abundances, identifying common and rare taxa (MacArthur and MacArthur 1961) . More recently, there has been a shift to assessing diversity based on function (Tilman et al. 1997) . By using functional traits, systems that lack taxonomic similarity may still be compared. Indeed, communities can be distinguished by characterising functional components, revealing underlying mechanisms that may be important in ecosystem processes (Bellwood et al. 2006 , Mouillot et al. 2014 . The inherent strengths and weaknesses associated with each of these metrics emphasize the importance of multifaceted approaches when evaluating assemblage structures and functions (Mouillot et al. 2013b) .
The diversity and composition of fishes within each of the three focal habitats has been documented many times (Pollard 1984 , Kathiresan and Bingham 2001 , Newman et al. 2006 . A few studies have compared the diversity and composition among habitats (Nagelkerken et al. 2000 , Unsworth et al. 2009 , Honda et al. 2013 , and functional trait composition has been described briefly on coral reefs and in estuaries (Elliott et al. 2007 , Mouillot et al. 2014 . However, to-date there has been no evaluation of the taxonomic and functional structure of assemblages in these three habitats across the two major marine realms, i.e. at global biogeographic scales. The aim of this study, therefore, is to compare and contrast the structure of fish assemblages in these habitats between sites in the Caribbean and Indo-Pacific. Specifically, our aim is to describe the taxonomic and functional characteristics of fish assemblages in mangroves, seagrasses and coral reefs in the Caribbean and Great Barrier Reef (GBR). In doing so, we will examine the role of historical and ecological biogeography in shaping the taxonomic and functional composition of the three major habitats. In essence, do mangroves, seagrass and coral reef fish assemblages in the Caribbean and GBR have a common functional structure regardless of their evolutionary and biogeographic histories?
Material and methods

Study locations
All sampling sites were chosen based on the presence of substantial reef and mangrove or seagrass habitats within 500 m of each other. Five study locations were used to collect fish abundance data from the Caribbean and the GBR. Caribbean locations were: Grand Cayman, Cayman Islands (19.3222°N, 81.2409°W); Bonaire, Dutch Antilles (12.2019°N, 68.2624°W); and St. Croix, U.S. Virgin Islands (17.7246°N, 64.8348°W; Fig. 1 ). GBR locations were Lizard Island (14.6680°S, 145.4617°E) and Orpheus Island (18.6376°S, 146.4982°E; Fig. 1 ). The three Caribbean and two GBR locations all lie within biogeographically similar high-diversity regions within their respective realms (Kulbicki et al. 2013) . In each habitat, the area with the highest fish species diversity was sampled, i.e. the reef crest (Russ 1984) , the seagrass edge (Smith et al. 2008) , and the mangrove edge (Vance et al. 1996; Fig. 2) . It is important to note that in this study mangroves were represented by clear-water mangroves sensu Barnes et al. (2012) . This allowed for the use of a single standardised census method which permits direct comparison between the three habitats in both the Caribbean and GBR.
Underwater visual censuses
Abundance data were collected in the spring/summer months of 1996. Each location was surveyed between 1000 and 1700 h and, where needed, during mid to high tide to ensure a water depth of at least 1 m. Four timed-swim transects were conducted at each sample location. Larger fishes were surveyed first as they are more susceptible to diver disturbances (Dickens et al. 2011) . Using SCUBA, each transect consisted of a 20-min timed swim recording any fishes  10 cm in total length (TL) on a 5 m wide belt transect. Followed by a 10 min timed swim as the diver swam back towards the starting point surveying fishes  10 cm within a 1 m wide transect. These surveys were swum at a constant pace along the reef, seagrass and mangroves habitats and averaged approximately 235 m in length for the 20 min and 117 m for the 10 min (Bellwood and Wainwright 2001) . Swims were stratified into less than and greater than 10 cm TL surveys to allow for different search modes as small and large taxa generally have different associations with the benthos (Bellwood and Wainwright 2001) . Scale bars on underwater slates were used to aid in estimation of fish sizes. The  10 cm and  10 cm swims were standardised by area then combined to yield a total abundance estimate for that transect. All fishes were identified to family and genus, and species where possible. Because of their disparate ecologies and high abundances, parrotfishes and wrasses (f. Labridae) were considered as separate faunal units' at a family level during surveying and analysis. In total, 108 surveys were completed, comprising 46 reef sites, 36 seagrass sites, and 26 mangrove sites (Supplementary material Appendix 1 Table A1 ).
Data analysis
The composition of fish assemblages within the two biogeographic realms (Caribbean and the GBR) was examined using two separate metrics: Taxonomic (family-level) abundance data and functional group abundance data. To examine abundance-based assemblage compositions, all abundance data were standardised to the number of individuals in each family per 100 m -2
. Caribbean and GBR reef, seagrass and mangrove assemblages where then compared, first at the taxonomic and then at a functional level. Taxonomic analyses at the family level examined broad similarities among habitats. This taxonomic structure also reflects an underlying phylogenetic history although limited family-level phylogenetic resolution precludes detailed analyses at this time. Species-level comparisons at a global scale are not possible as there is almost no species overlap, however, a functional trait-based analysis permits direct species-level comparisons between the two biogeographic realms. Fishes were split into one of 14 broad functional entities based on body size (above or below 10 cm total length) and feeding guild (herbivorous/ detritivorous, herbivorous-macroalgae, invertivorous-sessile, invertivorous-mobile, planktivorous, macroinvertebrates and fish, and omnivorous; categories follow Mouillot et al. 2014 ). All diet information was collected from < www.Fishbase.org > (Froese and Pauly 2016) .
Broad scale patterns of habitat use by taxonomic and functional entities (sensu Mouillot et al. 2013b ) were initially examined using a non-metric multi-dimensional scaling (MDS) ordination. A canonical analysis of principle coordinates (CAP) was then used to explore specific relationships between habitats. By using constrained data, a CAP is most advantageous when there is an a priori assumption of differences among groups (habitats and realms in this case). These two ordination techniques work well in combination allowing first broad then fine-scale patterns to be observed (Anderson and Willis 2003) . Because of similarities in the outputs, only CAP results are presented herein (MDS plots are available in Supplementary material Appendix 1 Fig. A1 ). Abundance data were square-root transformed to decrease the impact of highly abundant schooling species. A Bray-Curtis distance measure was initially used to analyse abundance data due to its robust nature and suitability for ecological abundance data (Clarke and Gorley 2006) . However, this measure may have limitations in terms of how sample size and diversity influence outputs (Wolda 1981) . To examine the effect of the choice of matrices on observed trends, a Jaccard's similarity coefficient and Morisita's overlap index were also used in MDS ordinations and ANOSIM comparisons (Supplementary material Appendix 1 Fig. A2 , A3, Table A3, A4). All vectors on the CAP ordinations were calculated using multiple correlations.
Differences and similarities between groups in the ordinations were calculated using analysis of similarities (ANOSIM). A similarity percentage analysis (SIMPER) was then used to identify taxonomic and functional groups responsible for differences amongst habitats indicating key taxa and traits that most effectively characterise a habitat or realm. Both analyses were calculated using square-root transformed data. The values of similarities measured among groups were used to identify clusters in the ordination outputs. Both ordinations and similarity analyses were conducted using PRIMER 6 with PERMANOVA software.
Data deposition
Data available from the Tropical Data Hub, James Cook Univ.:
< http://dx.doi.org/10.4225/28/58901ccaf2686 > (Bellwood and Hemingson 2017).
Results
Abundance-based taxonomic assemblages
The taxonomic structure and composition (number of individuals in each family 100 m -2 ) differed significantly among all three habitats in both realms (ANOSIM, Global R  0.758, p  0.001). However, the overriding pattern is one of similarity driven by biogeography. Only the reef samples are taxonomically unified, i.e. Caribbean and GBR reef assemblages are most similar regardless of their biogeographic location. In marked contrast, seagrass and mangrove habitats are unified by biogeographic history, with realms defining shared taxonomic structures. The pairwise comparisons of each habitat by realm highlights the similarities of seagrass and mangrove assemblages within a given biogeographic region (Supplementary material Appendix 1 Table A2 ). Indeed, of all pairwise comparisons, only Caribbean seagrass and Caribbean mangroves (R statistic  0.477) and GBR seagrass and GBR mangroves (R statistic  0.304) yielded non-significant differences in assemblage structure (R statistic  0.500). Although Caribbean and GBR reef sites differed significantly (R statistic  0.654), these groups were more similar to each other than any other pairwise comparisons. The non-metric MDS (Supplementary material Appendix 1 Fig. A1 ) ordination plots of taxonomic assemblage structure reflect the similarities produced by the ANOSIM, displaying three distinct clusters: Caribbean reefs and GBR reefs, Caribbean seagrass and mangroves, and GBR seagrass and mangroves. This pattern is clearly shown in the CAP analysis (Fig. 3a) . All results presented are based on the BrayCurtis distance measure (the alternative matrices produced almost identical results; Supplementary material Appendix 1 Fig. A2 , A3, Table A3 , A4).
The CAP vector loadings (Fig. 3b ) strongly support the SIMPER results (Supplementary material Appendix 1 Table  A5 ) and show clear associations between fish families and habitats. While similar in many taxa, Caribbean and GBR reef sites still possess unique assemblages that are more characteristic of their habitat than their respective realms. Thus although acanthurids, chaetodontids and nemipterids were indicative of GBR reefs, and gobiids and labrids were more strongly associated with Caribbean reefs, pomacentrids and blenniids acted as bridging families, unifying reef assemblages as they are found in high abundances within both realms. Caribbean seagrass and mangroves are strongly associated with haemulids and sphyraenids, while GBR seagrass and mangroves are characterised by lethrinids, microdesmids and pinguipedids. 
Functional assemblage structure
In marked contrast to the abundance-based taxonomic composition, the functional composition in the three focal habitats was clearly divided by habitat with no regard to biogeographic realm: each habitat possessed a distinct functional structure independent of its global location (ANOSIM, Global R  0.663, p  0.001). In pairwise comparisons, Caribbean reef, seagrass and mangrove habitats were most similar to their respective GBR counterparts (Supplementary material Appendix 1 Table A2 ). The non-metric MDS of functional composition shows separation of groups based on habitat (Supplementary material Appendix 1 Fig. A1 ), a pattern that is clearly shown in the CAP ordination (Fig. 3c) .
Vector loadings of the functional analysis CAP show different trait associations among habitats (Fig. 3d) . Coral reefs were characterised by the largest number of functional groups, in particular, small mobile-invertivores, omnivores, planktivores and large herbivores/detritivores. Mangroves were characterised by large-bodied macroinvertivores, piscivores and small-bodied invertivores. Seagrass was only weakly associated with one functional entity: small herbivores/ detritivores. The vector loadings agree well with functional trait SIMPER results (Supplementary material Appendix 1 Table A6 ).
Discussion
Taxonomic and functional associations in tropical marine habitats
We found marked differences in the nature of associations when assessing the taxonomic and functional composition of fish assemblages in three major tropical marine habitats in two different biogeographic realms. Each realm was defined by a characteristic taxonomic structure of marine fishes, with habitats in the same realms harbouring similar fish assemblages. In particular, mangrove and seagrass habitats within each realm had remarkably similar taxonomic compositions. By contrast, functional composition displayed different patterns of association. Regardless of the realm, habitats paired with their cross-realm counterpart. Essentially, it appears that the ecological functions that characterise coral reefs, seagrass beds and mangrove forests are similar regardless of their location around the globe.
Each realm displayed a distinct taxonomic composition reflecting strong biogeographic influences. Although both regions are derived from the same ancient tropical ocean, and thus share many of the same fish families (Bellwood et al. 2015 (Bellwood et al. , 2016 , the subsequent isolation of the Atlantic and Indo-Pacific led to differential diversification that has created distinct faunal assemblages in each realm (Floeter et al. 2008 , Cowman and Bellwood 2013 , Kulbicki et al. 2013 . During the last 50 million years, the Indo-Pacific has become the new global marine diversity hotspot, while the Caribbean has been faced with prolonged isolation and extinction (O'Dea et al. 2006, Cowman and Bellwood 2011) . These differences appear to underpin the strong taxonomic similarity based on biogeographic location that unifies seagrass and mangrove habitats within realms. Our findings are consistent with the observations made by Robertson (1998) who found that taxonomic structure has a strong regional effect. The taxonomic similarity of reefs is likely to be a product of the extreme diversity that characterise these coral-dominated habitats. While many 'typical' reef fish families also occur in non-reef habitats, their increased abundance and widespread occurrence on most reefs globally mark them as characteristic, if not diagnostic, coral reef fish taxa (Bellwood et al. 2016) . In contrast, non-reef habitats are dominated by a few key families that reflect their biogeographic location. The fish assemblage composition in seagrasses and mangroves therefore, strongly reflects their geographic location.
In striking contrast to their taxonomic structure, the functional composition of assemblages displayed completely different patterns of association. Regardless of the biogeographic realm, functional traits were influenced primarily by habitat. These findings support the community convergence hypothesis; that phylogenetically unrelated communities should be similar under analogous environmental conditions, i.e. evolution is driven in a predictable direction by the environment (MacArthur 1972 , Orians and Paine 1983 , Schluter 1986 ). Importantly, this similarity is in functional terms indication that evolution is shaping how species operate within ecosystems. Indeed, similar patterns have been documented in freshwater systems. Hoeinghaus et al. (2007) , for example, compared the taxonomy and functional composition of freshwater stream fishes and found extremely similar results in their patterns of association, with species driven by region and traits by in-stream location. The notion of a habitat-driven functional composition is supported by Mouillot et al. (2014) who showed that the functional composition of coral reef fish assemblages is uniform around the globe, independent of taxonomic diversity. Habitat characteristics have been identified as good predictors of ecological functions. Aptly put by Cody and Diamond (1975) , 'if the observed patterns in a community structure are products of natural selection, then similar selection by similar environments should provide similar optimal solutions to community structure'. Essentially, function is a product of the immediate environment. As the environment changes spatially, so do the functions.
Surprisingly, the functions that characterise these three focal habitats appear to be largely independent of regional differences in tidal activity. Tides are responsible for shortterm sea level fluctuations and thus, they can greatly influence the availability of these habitats to their resident organisms. The difference in tidal variation between the Caribbean and Indo-Pacific is substantial. Tides in the Caribbean cause very little fluctuation in sea level, whereas 2-3 m tides regularly occur on the GBR (Krumme 2009 ). As a result, the use of mangroves and seagrasses appears to differ among realms, especially in regards to their potential role as nursery areas, i.e. their ability to provide advantageous conditions for juvenile reef fishes (Nagelkerken et al. 2000 , Barnes et al. 2012 , Sheaves et al. 2016 . Indeed, a global meta-analysis of the nursery function of mangroves and seagrasses found that the single largest driver of nursery use by reef fishes was the tidal regime, regardless of biogeographic location (Igulu et al. 2014) . Castellanos-Galindo and Krumme (2015) also found differences in the assemblages of fishes within macro-tidal mangroves, stressing the importance of tides in structuring these communities. Our data suggests that despite differences in the tidal activity between these regions, habitats display the same functional composition. Although tides may be important in shaping the use and taxonomic composition within these habitats, the pressures that drive the success and failure of functional traits in these habitats, at a broad scale, appear to be largely independent of this environmental influence.
Evolutionary pressures on habitat assemblage composition
The evolutionary pressures which have shaped the taxonomic and functional compositions of tropical habitats are fundamentally different. The influence of biogeographic processes on taxonomic composition is well established (Wiens and Donoghue 2004 , Floeter et al. 2008 , Cowman and Bellwood 2011 . Key barriers to marine dispersal, like the Isthmus of Panama and the Red Sea land bridge, isolated major marine realms, allowing for the independent development of the species that characterise and define each realm (Renema et al. 2008, Cowman and Bellwood 2012) . Thus, while Kulbicki et al. (2013) and Mouillot et al. (2014) have shown that reefs have distinct taxonomic compositions, this trend is also apparent for seagrass and mangroves. Seagrass and mangrove habitats in each realm possess fish assemblages that are taxonomically distinct. For example, high abundances of haemulids are strongly associated with Caribbean seagrass beds and mangroves. Conversely, high abundances of lethrinids, which are absent from the Caribbean, characterise Indo-Pacific seagrass and mangroves. While biogeographic processes certainly have influenced the success of these families in their respective realms, one must ask, how functionally different are these fishes? When assessing assemblage composition through a functional lens, we begin to see that these fishes are performing very similar roles in their respective realms. Parrish (1989) first noted the functional similarity performed by haemulids and lethrinids, with both groups acting as important transport agents of biomass to-and-from reef and reef-associated habitats. Although phylogenetically distinct, functionally they are quite similar.
The influence of habitat characteristics on functional traits
Since mangroves and seagrasses habitats pair differently when assessing function compared to taxonomy, it is important to understand the factors that underpin these differences. These two habitats provide markedly different environmental conditions for resident organisms. The two main factors that are likely to be responsible for functional differences are: 1) the amount of cover (refuges) and, 2) available plant matter. Mangrove prop roots provide extensive three-dimensional complexity from the benthos to the surface. This allows for large numbers of small and juvenile fishes to take refuge amongst the root network (Laegdsgaard and Johnson 2001, Cocheret de la Morinière et al. 2004 ). This in turn attracts larger, predatory fishes (Blaber 1986 ). In contrast, seagrass habitats provide limited physical complexity, usually extending less than 30 cm from the benthos, with no rigid structures. This makes them an inherently more hostile environment. Unsworth et al. (2008) found that the abundance and species richness of fishes in seagrass beds doubled when they were located close to mangroves, suggesting that mangroves are likely to provide a safer environment for small-sized fishes. Light levels are also closely associated with cover, as highly shaded waters reduce the risk of predation from sight-based piscivores (Abrahams and Kattenfeld 1997) . The high light levels that support seagrass growth is likely to make these habitats inherently more dangerous for fish that are vulnerable to visual predation.
Although fishes on seagrass beds appear to be exposed to a higher level of predation risk, the high availability of plant matter makes them a valuable foraging environment for herbivorous fishes. Numerous studies have identified small herbivorous fishes, primarily parrotfishes, as the main species in seagrass beds during daylight hours (Robblee and Zieman 1984, Unsworth et al. 2007 ). The availability of live plant material within mangroves is much lower than in seagrasses as the C/N ratio within mangrove leaves is inadequate for sustainable growth (Skov and Hartnoll 2002) . Seagrass beds are therefore likely to provide a more nutritionally important habitat for herbivorous fishes than mangroves. Our results reflect these findings in that mangroves are primarily characterised by large and small predators (Morton 1990) , while small herbivores predominantly associate with seagrass (Robblee and Zieman 1984, Unsworth et al. 2007 ).
The present study highlights the benefits of examining both taxonomic and functional composition. Each metric can provide valuable insights into how assemblages evolve and operate. It is clearly apparent that biogeography and evolution strongly shape the taxonomic structure of assemblages, while function not taxonomy characterises assemblages within habitats, regardless of biogeographic location.
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